It is important to understand the evaporation process of pesticide droplets on targets for increasing the efficiency and efficacy of foliar applied insecticide and fungicide spray applications. Evaporation characteristics of five droplet sizes (246, 343, 575, 762, and 886 µm) under three relative humidity (RH) conditions (30, 60, and 90 %) were studied in a laboratory. Sequential images of evaporating droplets placed inside a small environmentally controlled chamber were obtained using a stereoscope for determination of droplet evaporation time and residual patterns. The spray mixtures included different combinations of water, a nonionic colloidal polymer drift retardant, an alkyl polyoxyethylene surfactant, and an insecticide. The droplet evaporation was investigated on the surfaces of hydrophilic and hydrophobic glass slides which represented ideal non-waxy and waxy leaf surfaces, respectively. Among the spray mixtures investigated, the droplets containing the drift retardant had the longest evaporation time, and the droplets containing the surfactant had the shortest evaporation time after these additives were added into insecticide mixtures. The mean evaporation time of 246, 343, 575, 762, and 886 µm droplets containing water and the insecticide without additives at 60 % RH on the hydrophilic surface were 43, 77, 133, 226, and 384 s, respectively. The mean evaporation times of the same size droplets containing the same insecticide but mixed with the surfactant were 26, 47, 77, 156, and 251 s, respectively. The evaporation time of 575 µm droplets containing the drift retardant at 60 % RH increased from 159 s to 224 s when the deposition surface changed from the hydrophilic slide to the hydrophobic slide. The evaporation time of droplets greatly increased as RH increased, and also increased exponentially as the droplet size increased. Therefore, spray additives, target surface fine structure and RH greatly influenced the evaporation time of spray droplets.
Introduction
Pest control efficiency is greatly in!1uenccd by plant line surface structure, chemical formulation, and sprayer operating conditions. Spray drift retardants and surfactants are widely used in spray mixtures to reduce drift potential and increase leaf wetness, respectively. For the plants with waxy leaf surfaces, the addition or spray surfactants in spray mixtures can minimize variations in spray performance and improve pesticide cffccti vencss because the surfactants can break surface tension to spread pesticide sprays more evenly on leaf surfaces and adhere longer. Field experiments concluded that herbicide application cfticicncy could be significantly improved by adding the nonionic surfactant into spray mixtures even at low application rates for different types of nozzles [ 1 lAlso, spray droplet sizes varied with the concentration of the surfactant in the spray mixture [2l Drift retardants were reported to reduce spray drift in many laboratory studies [3] [4] [5] . This technique has been recommended as an alternative method to reduce drift for the field applications when other methods arc not available.
It is important to understand the evaporation process of pesticide droplets on targets to increase the control efficiency of foliar applied insecticide and fungicide spray treatments. In many cases, droplets arc required to stay on the targets long enough for plants to absorb chemical ingredients. However, in cases where longer evaporation times arc expected from the use of large droplets, the net result can be a reduction in efficacy due to runoff. Ranz cl al. 16, 7] investigated the droplet evaporation under still dry air conditions and reported that the addition of dissolved or suspended solids did not change the evaporation rate at the initial period but accelerated the evaporation rate on surfaces at the final stage when crystals were formed. With known theoretical values and with experimental data. Picknctt ct al. [8] reported that the water droplet evaporation rate could be predicted with either the constant contact angle model or the constant contact area model. Baines and James I 9 I compared their own evaporation rate model with experimental data provided by Cooper ct al. [1 OJ for liquid droplets sitting on an impermeable wall in a gas ft ow; however. the model did not agree well with the experiments. Many mathematical models have been developed to predict droplet evaporation rate, but the models typically show that evaporation rate is controlled primarily by application conditions [ 11 ] .
Numerous other studies have focused on droplet evaporation either during the transportation of droplets from the atomizer to the target or for other industrial applications but not for agro-chemical droplets.
In the latlcr case, the ingredients (additives) arc significantly different from those used in the agrochemicals industry. Little research has been done on how droplets evaporate on leaf surfaces for foliar agrochemical spray applications. Spray additives such as a nonionic colloidal polymer drift retardant or an alkyl polyoxycthylcnc surfactant arc widely used in foliar applications to reduce spray drift and to increase leaf wetness. However, it is unclear how these additives affect the droplet evaporation and how they react on different types of leaves under varied environmental conditions.
The objective of this research was to investigate the effects of spray mixture additives, droplet sizes, and RH on the evaporation of droplets deposited on waxy and wax-free surfaces, in an effort to provide useful information for spray applicators, pesticide formulators and sprayer manufacturers to obtain the maximal pesticide spray application efficiency.
Materials and Methods
An experimental system was developed for investigation of droplet evaporation on different targets. The system consists of a RH control unit, a target holding chamber, a stereoscope with a digital camera, and a droplet generator (Fig. 1 ) .
The RH control unit was built with a humidifier, a dehumidification unit, a 20.8 L rectangle air mixing tank, RH probe. and a micro data-logger (21 X. Campbell), and associated electronics. The desired RH air in the air mixing chamber was obtained by mixing humid air from the humidifier and the dry air from the dehumidification unit. The amounts of humid air and dry air were controlled by the micro data-logger. which limited the duty cycle of the humidifier and the dehumidifier through ports connected to external electronic relays. A set point of RH can be entered into the data-logger programming to generate air with constant RH ranging from JO% to 90 %.
The target holding chamber was constructed from aluminum in a rectangle shape. The chamber was 12.6 cm long, 12.6 cm wide, and 7.8 cm high. and its internal capacity was 0.56 L. There was a 7.8 cm diameter quartz optical flat glass on the top of the chamber for observing targets inside the chamber. A manual X-Y positioncr was mounted inside the chamber for holding and locating targets. With the positioner, droplet positions on targets could be easily adjusted in two directions. The air with constant RH inside the chamber was discharged from the RH control unit. An RH sensor (Model PT I 000 !EC 751, Vaisala Inc., Woburn, MA) was installed at each air inlet and outlet to monitor if there was any outside air entering the chamber. The outlet RH sensor was also used to control the humidifier. The chamber was completely insulated from the environment. A small 110 V AC axial fan (Model 3VU68, Dayton Electric Manufacturing Company, Niles, IL) was used to exhaust the air inside the chamber at the speed of 0.5 L/ m. The fan also created a vacuum source to draw a low volume of air from the air mixing chamber in the RH control unit through the target holding chamber. There was a port near the top corner of the target holding chamber to allow access for the syringe which deposited droplets.
The stereoscope (Model SZX 12, Olympus, Japan) was mounted vertically above the glass on the top of the chamber. The stereoscope magnification ranged from 16 to 63. The droplet evaporation proces inside the chamber was observed by the stereoscope with two 41 cm long flexible fiber optic lights which were provided from a 120 V halogen light source (Model A20500.IOIEKE, B&B Microscopes, LTD). An Insight FireWire@ digital camera (Model SZX-TB I, Olympus) was used to take sequential images nt' droplets while the evaporation process was taking place. An imaging program (Spot, Diagnostic lnstru- 
FIG. I-Schematic of' the e.J,perimelltal setup for investigation of droplet evaporation process in a controlled environmental chamber.
ments, Inc) was used to record and save the sequential images in a computer. The time interval for the images was set from 1 s to 8 s depending on sizes of droplets. Droplet evaporation time was measured from the total number of sequential images and intervals. The droplet generator was a microprocessor-based timed mode. air-powered fluid dispenser (Model 2405, EFD Inc.. East Providence. RI) that could produce a single droplet with a diameter down to 200 µm.
The generator regulated the amount of liquid to control droplet sizes by manipulating the air pressure, dispensing time, and vacuum pullback. The high-speed solenoid system provided consistent droplet control for repeated production of the same size droplets. The dispensing time ranged from 0.0001 s to 1000 s and air pressure ranged from 0 to 35 kPa. Vacuum control prevented dripping when thin fluids were used. The droplet generator also consisted of a 7.3 cm long and 1.1 cm diameter piston-barrel reservoir and a No. 33 gage chamfered precision tip to produce droplets from 200 µm to 1000 µrn. The 3 ml reservoir was placed to a port on the target holding chamber for depositing droplets on targets.
Sizes of droplets from the generator were first estimated with water sensitive papers to set the air pressure. vacuum, and dispensing time. Final droplet sizes were measured from the side view images of droplets on a clean glass slide by the stereomicroscope. The droplet formed a segment or a sphere (Fig. 2) when it deposited on the glass slide. The droplet diameter was calculated from the volume of the segment using the following equation: Table 2 .
The hydrophilic slide was a smooth wax-free glass microscope slide that was used. cleaned with acetone, and was stored in methanol until used again. The hydrophobic slide was the same as the hydrophilic slide but coated with a thin layer of transparent liquid wax (Rain•X®, Sopus Products, Houston. TX). The hydrophilic and hydrophobic slides were selected because they covered a wide range of contact angles of droplets on numerous fine structures of leaf surfaces. For the 343 µm droplets on the hydrophilic slide, the contact angles were 40.8°, 22.9°, and 32.2° for the mixtures of water-insecticide, waterinsccticide-surfactant. and water-insecticide-drift retardant, respectively. For the same size droplets on the hydrophobic slide. the contact angles for the same mixtures listed above were 91.8°, 43.5°, and 90.6°, respectively. The contact angle of droplets was dctennined with an Image J software (National Institute of Mental Health. Bethesda. Maryland) using the method described by Chachalis ct al. [ 12] by measuring the side-view images taken from the stereomicroscope.
One droplet was deposited on the target surface inside the chamber each time. After each evaporation period. the position or the target on the X-Y positioncr was relocated within the chamber to expose an untouched area for a new droplet. Tests were conducted in the ambient temperature of 22 ° C. and each treatment was repeated for three times. Data were analyzed and regression equations were developed with the SAS Enterprise Guide program (SAS Institute Inc. Cary. NC). Exponential function Y =ae"x (a> 0. b >0) was chosen for regression equations of evaporation time (Y) with droplet size (X) in this study. The R 2 value for regression equations of the exponential function ranged from 0.97 to 0.99, which was higher than the ones from reciprocal function. logarithmic function, power function, and logistic growth curve function. Figure 3 shows deposition patterns of the 575 µm droplets on hydrophilic and hydrophobic surfaces with mixtures of insecticide, surfactant, and drift retardant at 60 % RH, respectively. The deposition pattern is the initial contact area (or wetted area) of a droplet after deposited on the surface. The hydrophilic surface had considerably greater deposition patterns than the hydrophobic surface for all three different mixtures. Also, droplets containing surfactant had the largest deposition patterns on both hydrophilic and hydrophobic surfaces among the three mixtures, followed by droplets containing water and insecticide.
Results and Discussion
Because of the increased area, droplets on the wax-free hydrophobic surface evaporated much faster than the droplets on the waxy hydrophilic surface (Table 4) . For example, it took water from a 575 µrn droplet on the hydrophobic surface at 60 % RH for 2 I7 s to completely evaporate, while it took the water (2) 45 (1) 83 (2) 140 (9) 227 (12) 60
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For the same size droplets at a given RH condition. water-only droplets had a slightly higher evaporation time than water-insecticide droplets on both hydrophilic and hydrophobic surfaces (Tables 3 and 4) . However, data in Tables 3 and 4 illustrate that the evaporation time of droplets was greatly increased by adding the drift retardant into the mixture of water and insecticide, or greatly decreased by adding the surfactant into the mixture. For example, compared to the evaporation time of water-insecticide droplets, the evaporation time of a 575 µm water droplet on the hydrophobic surface at 60 l/r RH was decreased 38 o/r when the surfactant was added, or increased 12 % when the drift retardant was added (Fig. 4) . The surfactant, after being added into the mixtures, reduced the mixture surface tension, and helped the droplet spread more evenly, resulting in greater residual area on surfaces.
The evaporation time of droplets greatly increased as RH increased for the droplets on either the hydrophobic or hydrophilic surface (Tables 3 and 4 ). The evaporation time of 575 µm water droplets on the hydrophilic surface increased 48.9 % when RH increased from 30 % to 60 %, and increased 82.4 % when the RH increased from 60 % to 90 %. Eventually, droplets would not evaporate at all when RH reached 100 Cl< " The evaporation time of droplets on both hydrophobic and hydrophilic surfaces was also greatly increased as droplet diameter increased for all RH conditions (Tables 3 and 4) , and the increase followed the exponential function. Table 5 lists the exponential function of the evaporation time and droplet diameter for droplets deposited on the hydrophobic or hydrophilic surface at 30, 60 and 90 %· RH, respectively.
For the water-insecticide droplets on the hydrophilic surface at 60 % RR the evaporation time increased from 43 s to 384 s (or 8.9 times) when droplet diameter increased from 246 µm to 886 µm (or 3.6 times). For the same droplets on the hydrophobic surfaces, the evaporation time increased from 56 s to 533 s (9.5 times). Therefore. droplet size, surface characteristics of the target (waxy or non-waxy), RH, and chemical composition of the spray mixture (water alone, pesticide, additives) greally influenced the evaporation time of droplets, and they should be included as important factors that can improve efficacy and efficiency of pesticide applications.
Conclusions
I. Adding the imidacloprid insecticide into water at the label recommended rate slightly reduced the evaporation time of droplets. However, the droplet evaporation time greatly decreased by adding a surfactant. or greatly increased by adding a polymer drift retardant. 
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